A stacked rectangular microstrip antenna with a shorting plate is proposed as a car antenna for dual band (VICS and ETC) operation in the ITS. The proposed antenna has the proper radiation patterns for the VICS and ETC. The antenna is small in size and effective in dual band operation. key words: stacked microstrip antenna with a shorting plate, dual band operation, vehicle information and communications system (VICS), electric toll collection system (ETC) 
Introduction
Recently, antennas for multi band operation have received much attention and many single feed Microstrip antennas (MSAs) for dual band operation have been proposed [1] - [5] . Most of them are antennas with linear polarization in two frequency bands for mobile phones and wireless LAN applications. In some ITS (intelligent transport system) applications, such as ETC (electric toll collection system), GPS (global positioning system) and SDARS (satellite digital audio radio service), a circularly polarized wave is used. Therefore, antennas for dual band operation in ITS applications must radiate a circularly polarized wave. The design of single feed and dual band MSAs with circular polarization is difficult compared with those with only linear polarization.
The authors have proposed a stacked square MSA with a shorting post as a car antenna for the vehicle information and communications system (VICS) in the ITS application [6] . Since the proposed antenna has a radiation peak at low elevation angles, the antenna receives signals with uniform level within the communication area for the VICS. Moreover, its size is much smaller than that of the conventional rectangular MSA used presently. In this letter, the antenna proposed in [6] is redesigned as a small car antenna for dual band (VICS/ETC) operation. Yuminaga et al. have proposed a single feed and triple band MSA for GPS, VICS and ETC [7] . However, the antenna hasn't been designed with consideration of the radiation patterns for VICS.
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a) E-mail: takafumi@nagasaki-u.ac.jp DOI: 10.1093/ietcom/e90-b.11.3307 spectral domain is used [8] . In order to ascertain the accuracy of the calculated results, the calculated return loss, axial ratio and radiation pattern are compared with experimental data.
Specifications of VICS and ETC
The communication area for the VICS extends 35 m in both directions from the beacon antenna installed at the shoulder of the road. In such a case, the radiation peak of the car antenna must be at low elevation angles along the road [6] , [9] . The communication area for the ETC is very narrow (the extent is 4 m in one direction from the toll gate antenna) and the toll gate antennas are installed above the car antenna. Therefore, it is desirable that the car antenna for the ETC has a radiation peak at high elevation angles. The center frequency f 0 and the bandwidth of the VICS in Japan are 2.4997 GHz and 85 kHz. In order to keep high communication quality for a mobile communication system with a wide area such as VICS, it is desirable for the bandwidth to be as wide as possible. In this letter, therefore, a bandwidth of 50 MHz (2.0%) is aimed for in the VICS band. The center frequency f 0 and the bandwidth of the ETC are 5.8 GHz and 100 MHz (1.73%). Linear polarization is used for the VICS while circular polarization is used for the ETC. Figure 1 shows a stacked rectangular MSA with a shorting plate and its coordinate system. The antenna consists of a dielectric substrate and an air layer with a patch. The geometry of antenna patch proposed in [6] is square. In this let- ter, however, its geometry is rectangular to achieve circular polarization in the ETC band. The upper and lower rectangular patches are the same size and have a width and length of W and L, respectively. The upper patch is shorted to the lower patch at the apex of the rectangular patch. The width of the shorting plate is d p . The relative dielectric constant and thickness of the upper and lower layers are ε r1 =1.0, h 1 and ε r2 =2.60, h 2 , respectively. The antenna is excited at the lower patch by a coaxial feed through the lower dielectric substrate at point x 0 , y 0 which lays around the diagonal. Figure 2 shows the difference between the frequency giving the lowest return loss and the center frequency f 0 =2.5 GHz in the VICS band for changes of the width of the shorting plate d p . Figure 2 also shows the difference between the frequency giving the best axial ratio and the center frequency f 0 =5.8 GHz in the ETC band for changes of the width d p . Although the width d p influences the frequency in the VICS band, it does not affect the frequency in the ETC band. In the ETC band, moreover, the return loss at the frequency giving the best axial ratio changes from −13.5 dB to −15.2 dB, the best axial ratio from 0.34 dB to 0.40 dB and the bandwidth from 2.85% to 2.89% when the width d p changes from 0.8 mm to 2.8 mm. The fact that the changes of the antenna characteristics in the ETC band are very small makes the designing of the antenna easier. In the design procedure, at first the size of the rectangular patch is adjusted to tune the antenna to the ETC band and after that the width of the shorting plate is adjusted to tune the antenna to the VICS band. Since independent tuning is possible for each band, the proposed antenna is effective and useful in the design for dual band operation. Figure 3 shows the bandwidth of the antenna for changes of the thickness h 1 in the VICS and ETC bands. The bandwidth for the VICS is defined as the return loss −10 dB and that for ETC as the return loss −10 dB with an axial ratio 3 dB. For each h 1 , the size of the rectangular patches and the width of the shorting plate are determined by the design procedure mentioned above and the location of the feed point is adjusted to achieve maximum bandwidth. The bandwidths in both the VICS and ETC bands increase as the thickness h 1 increases. The bandwidths of h 1 3.6 mm satisfy the specifications of both the VICS and ETC. For all h 1 in Fig. 3 , the averaged width and length ((W + L)/2) is equal to 14.35 mm=0.12λ 2.5 =0.28λ 5.8 (λ f :the wave length at f GHz).
Antenna Design

Antenna Characteristics
Figures 4(a) and (b) show the measured and calculated return losses and axial ratios with the thickness h 1 = 4.0 mm, respectively. The antenna was made of copperclad Glass-fiber-PTFE. The measured bandwidth (return loss −10 dB) is 66 MHz (2.61%) in the VICS band and the measured bandwidth (return loss −10 dB with axial ratio 3 dB) is 190 MHz (3.34%) in the ETC band. The bandwidths of the proposed antenna satisfy the specifica- tions of both the VICS and the ETC. The calculated results agree well with the measured ones. Figure 5 shows the intensity of the time averaged electric current distribution at the center frequency of the ETC band, 5.8 GHz. The intensity of the electric current on most of the area of the shorting plate is very small (−12 dB or less). Therefore, the shorting plate doesn't affect the antenna characteristics in the ETC band as shown in Fig. 2 . The intensities of the electric currents on both the upper and lower patches (without considering the feed point) are maximum around the centers of the edges of the rectangular patches and approximately zero (−28 dB or less) around the four apexes of the patches, which indicates the width and length of the patches approximately becomes a half wavelength. However, the intensity of the electric current on the upper patch is much smaller than that on the lower patch. These characteristics of the antenna operation at 5.8 GHz denote that the proposed antenna operates as the conventional half-wavelength stacked MSA which has the parasitic patch above the fed patch conductor [10] . Moreover, since the lower rectangular patch conductor has the feed point around the diagonal, the lower patch conductor also operates as a rectangular patch conductor with a perturbation segment in the ETC band [11] . Therefore, the proposed antenna radiates a circularly polarized wave when choosing the proper ratio (L/W) of the length to the width of the rectangular patch conductor. In the conventional stacked MSA, the Quality factor Q of a mutual resonance which occurs between the upper and lower patches becomes small as the thickness of the upper layer increases [12] . Therefore, as shown in Fig. 3 , the bandwidth of the proposed antenna in the ETC band increases as the thickness h 1 increases.
In this letter, the electric current distribution isn't presented for the VICS band. However, the current distribution of the proposed antenna was the same as the antenna proposed in [6] , which is shorted between the upper and lower square patches by a cylindrical conductor. In the VICS band, the proposed antenna resonates when the sum of the lengths of the diagonal of the upper and lower patches and the shorting plate becomes a half wavelength at 2.5 GHz. Therefore, the antenna doesn't operate as the conventional stacked MSA but as a single antenna element. In this case, therefore, as the thickness h 1 increases, the bandwidth increase (as shown in Fig. 3) is not due to a decrease in the Q of the mutual resonance between the upper and lower patches, but is only a result of a decrease in the Q of the upper patch. Figures 6(a)-(d) show the measured and calculated radiation patterns at 2.5 GHz and 5.8 GHz, respectively. Since the size of the ground plane is infinite in the calculation by IE3D, the antennas don't radiate behind the ground plane in the calculation. Moreover, the radiation pattern around z=0 cannot be calculated accurately. Therefore, the radiation patterns are shown for the angles 0
• . In the measurement, a finite ground plane (4λ 2.5 × 4λ 2.5 10λ 5.8 × 10λ 5.8 ) is used. The differences between the calculated and measured radiation patterns at 2.5 GHz are due to the edge diffractions of the finite ground plane [6] . However, the calculated radiation patterns agree well with the measured ones at 5.8 GHz because the size of the finite ground plane is large compared with the wavelength at 5.8 GHz. At 2.5 GHz, the radiation peak is at low elevation angles which is the radiation pattern required for a car antenna for the VICS. This is due to the following: (i) the radiation fields by the electric currents on the upper and lower patches (flowing to the opposite directions) cancel out each other around the high elevation angles and (ii) the maximum radiation fields due to the electric current on the vertical shorting plate are in the broadside direction [6] . Since the proposed antenna operates as the conventional half-wavelength stacked MSA for a circular polarization at 5.8 GHz, the antenna has a radiation peak around high elevation angles where the toll gate antennas are installed.
Conclusion
A stacked rectangular MSA with a shorting plate has been proposed for dual band (VICS and ETC) operation in ITS.
The operational principles of the antenna were discussed using the electric current distributions. The return loss, axial ratio and radiation pattern were calculated by simulation software and compared with measured results.
Although differences between the calculated and measured radiation pattern in the VICS band were observed, the good agreement between the other calculations and measurements confirm the results of this work.
The proposed antenna is very small and has suitable radiation patterns for the VICS and ETC. Moreover, since independent tuning is possible for each band, the proposed antenna is effective and useful in the design for dual band operation.
